Slot waveguides can provide high optical confinement in a nanoscale low-index layer. While a conventional waveguide has a Gaussian-like Eigenmode profile, the Eigenmode profile of a slot waveguide is quite non-Gaussian type, due to the large discontinuity of refractive indices and thus the transverse electric field component between the high and low index layers of a slot waveguide. Although the field profiles of the two types of waveguides seem different, here we show that direct integration of conventional and slot waveguides yields efficient coupling of light into and out of slot waveguides using the rigorous finite-difference time domain method. The proposed direct coupling method has comparable performance to recently proposed taper based coupling methods, while having advantages in easier integration with conventional waveguide optics and higher integration density. We also show that coupling efficiency is not sensitive to the symmetricity of the slot waveguide, resulting in good manufacturing tolerance. The proposed direct coupler may have a number of applications in lightwave interconnects, sensing and data storage.
Since the discovery of the slot waveguide structure, [1] [2] [3] which takes advantage of the discontinuity of the electric field at a high-index-contrast interface to strongly enhance and confine light in a nanoscale region of low-index material, it has been used in a variety of devices such as microring resonators, 4 directional couplers, 5 modulators, 6 sensors, 7 8 light enhancement, 9 all-optical logic gates, 10 multimode interference waveguides, 11 and right-angle bends. 3 12 13 The emergence of these applications for slot waveguides makes necessary strategies for their integration with conventional waveguides, which are made of a highindex core surrounded by low-index claddings and are used extensively for low loss optical interconnections in photonic devices. As a result, it is important to design coupling structures that can efficiently couple light between slot and conventional waveguides.
Recently, a strip-to-slot waveguide transformer with a coupling length of 20 um was shown to achieve power transfer into and out of a slot waveguide with a coupling efficiency of 99.5%.
14 A more compact slotwaveguide/channel-waveguide mode-converter has also been proposed, with a calculated a coupling efficiency of 99.3% when the coupler length is longer than 3 um. 15 Both couplers are based on tapered waveguide structures. * Author to whom correspondence should be addressed.
More recently, grating couplers for silicon-based horizontal slot waveguides have been studied, but only achieved a maximum coupling efficiency of 65%. 16 With the couplers proposed in Ref. [14] , the tapered structures must be long enough to achieve adiabatic conversion from the wide input strip waveguide to the narrow slot waveguide or vice versa, i.e., if the length of the tapered structure is too small, the coupling efficiency will be significantly reduced. However, long tapered structures limit the degree of integration, and may further result in additional losses due to fabrication imperfections. Here we propose a simple direct integration of a conventional and slot waveguide for efficiently coupling light without the use of any tapered structures. This direct coupler may have a number of applications in lightwave interconnects, sensing and data storage, etc.
End-to-end coupling is widely used for waveguide structures which have similar modal field profiles. The proposed direct end-to-end coupling between a conventional waveguide and a slot waveguide is not so obvious due to the huge difference in their respective fundamental modal field profile: light is confined in the high-index layer of a conventional waveguide with a Gaussian-like profile while the light in the nanoscale low-index slot layer of a slot waveguide is quite non-Gaussian. 1 2 17 18 As a result, it seems that there will be a significant amount of mode field mismatch between the two waveguides and therefore, endto-end coupling seems unfeasible. However, as Ref. [2] noted, the slot can be simply viewed as a perturbation to a conventional waveguide structure, of which the effect on the modal mismatch may be very small. In this paper, using the rigorous finite-difference time-domain (FDTD) method, we numerically verify that when both the conventional and slot waveguides use the same materials and their dimensions are carefully designed, the beam propagating in one waveguide may be efficiently transferred to the other one.
A slot waveguide is composed of two high-index layers with a refractive index of n H , a nanoscale low-index slot layer with a refractive index of n S in between and low-index cladding with a refractive index of n C . 1 2 17 18 Figure 1(a) shows the proposed 3D direct end-to-end coupling structure, which consists of a slot waveguide with its slot in blue and a conventional waveguide that are directly connected end-to-end. Figure 1 (b) shows the cross-section (perpendicular to the propagation direction z) of the slot waveguide. The cross-section of the conventional waveguide is similar to that of the slot waveguide but without the slot layer, i.e., the whole area in the black frame is high-index. The key points of design are (1) the height of the conventional waveguide's core is same as the height of the high-index layers of the slot waveguide (h , (2) the width of the conventional waveguide's core is same as the sum of the width of the slot waveguide's two high-index layers and the low-index slot layer (w , (3) the refractive index of the conventional waveguide's core is same as the high index of the slot waveguide (n H , and (4) the cladding material is same everywhere.
The simple rule is to match both materials (refractive indices) and geometries on both sides as much as possible. When the light is launched by the conventional waveguide, the structure is a coupler for light into a slot waveguide from a conventional waveguide, and when the light is launched by the slot waveguide, the structure is a coupler for light out of a slot waveguide to a conventional waveguide. Regardless of the direction of the light propagation, reflections will be introduced at the interface. However, the reflection is expected to be low because the refractive indices only differ at the interface with the narrow slot. We use the offset dx to study the effect of geometric asymmetricity of the slot waveguide which may be caused by non-ideal manufacturing of the nano-scale slot. When dx = 0, the slot waveguide is an ideal symmetric structure. Instead of using the beam propagation method (BPM), which is limited to weakly guided structures and not suitable for modeling high-index-contrast structures, 19 we use rigorous finite-difference time-domain (FDTD) simulations to ensure a higher accuracy and show that the direct integration of conventional and slot waveguides leads to a coupling performance comparable to that of tapered couplers. 14 15 In our FDTD simulations, the spatial mesh sizes are 2.5 nm in the x and y directions and 5 nm in the z direction; the temporal step is 3 attoseconds; the total propagation length is 1 um, 0.5 um in each waveguide; the input is the quasi-TE fundamental mode, of which the polarization of the transverse electric field is in x direction; silicon is chosen to be the high-index material (n H = 3.48), and silica is chosen to be the low-index material for both the slot and cladding (n S = n C = 1.44); the wavelength is 1550 nm. We set the width of the slot w S to 50 nm and h to 300 nm, and optimized the confinement of the symmetric slot waveguide with dx = 0. We thus obtained an optimal w of 404 nm, which is then used in the FDTD simulation. Note that if we fix the values of wand h, we could obtain a different value of w S for optimal confinement. Figure 2 shows the light (power) propagation from the conventional waveguide side to the slot waveguide for the symmetric case at y = 0. We can see that the transition from the conventional waveguide to the slot waveguide is very smooth and the coupling efficiency attains 97.61% calculated using mode overlap integral. 20 This justified our proposal that additional length of waveguide may not be required for high efficiency coupling, which leads to higher integration density than the taper based couplers. 14 15 Because this structure is reciprocal, the light propagation from the slot waveguide to the conventional waveguide can be visualized simply by swapping the two waveguide sections in Figure 2 .
We further studied the effect of geometric asymmetricity of the coupler. Figure 3 shows the dependence of the propagation loss on dx, the offset of the slot layer to the center of the waveguide as shown in Figure 1(b) . Note that the results shown in Figure 3 apply for both coupling directions in Figure 1 (a) because the two waveguides are singlemode and thus reciprocal. As can be seen in Figure 3 , the losses introduced by the interface ranges from 0.063 dB to 0.105 dB (coupling efficiency ranges from 98.56% to 97.61%) when dx changes from −80 nm to +80 nm. Note that the maximum loss is at dx = 0 which corresponds to the symmetric case with the highest power in the slot, which justifies our analysis that the reflection loss is the main contributor to the coupling loss. The rather slow change in the loss curve in Figure 3 over a large dx range (160 nm) shows that the coupling loss is not very sensitive to the symmetricity of the coupling structure. This means the proposed structure has good manufacturing tolerance. Our results show that the efficiency is only about 1.8% less than that of tapered couplers. 14 15 Because the confinement factor, defined as the ratio of the power in the slot to the total power carried by the mode, of the slot waveguide varies from 17.7% to 29.8%, the power transferred to the slot ranges from 17.5% to 29.1% (the product of the coupling efficiency and confinement factor), when light propagates from the conventional waveguide to the slot waveguide.
We also calculated the effective indices of the quasi-TE fundamental mode of the slot waveguides at different dx's using a finite element method (FEM) based mode solver. These ranged from 1.8024 to 1.9679 when dx is from 0 to 80 nm, and the effective index of the quasi-TE fundamental mode of the conventional waveguide was 2.4779. In order to further show the effectiveness of our design, we show in Figures 4(a) -(c) the contour plots of the electrical field (Ex) profile of respectively, the quasi-TE fundamental mode of the conventional waveguide, the slot waveguide with dx = 80 nm, and the electric field (Ex) output (with dx = 80 nm) at z = 0.5 um obtained using the FDTD method for the coupling from the conventional waveguide to the slot waveguide. It can be seen that the simulated electric field profile in the slot waveguide at z = 0.5 um coupled from the conventional waveguide, shown in Figure 4 (c), is very similar to the quasi-TE fundamental Eigenmode of the slot waveguide shown in Figure 4(b) . The similarity of these two electric field profiles is 98.5% in terms of modal overlap. 20 This level of high similarity holds well for all the studied case of dx from −80 nm to 80 nm. The results from Figure 4 combined with Figure 3 validated the proposed idea that the light is effectively coupled from the conventional strip waveguide into the slot waveguide, and the significant shape difference between the input and output electric field does not hinder the mode coupling.
Using rigorous FDTD computations, we have shown that a high coupling efficiency is achieved between a conventional and a slot waveguide, despite the large modal field profile difference between the two. We point out that the coupled-mode theory is not adequate to study the mode coupling inside the slot waveguide, since (1) the refractive index difference between the high-index and low-index materials of a slot waveguide is extremely large, (2) the two conventional waveguides of a slot waveguide are separated by distances on the nanometer scale and (3) a slot waveguide is a strongly polarization dependent structure. 21 These are the reasons why we use the rigorous FDTD to do the calculations. Our calculation using the effective refractive indices described in Section 2 shows that the reflection at the interface of the conventional waveguide and the slot waveguide is in the range from 2.49% to 1.32% when dx changes from 0 to 80 nm. These low reflections are consistent with our simulation results shown above, and are the reason why no perceivable reflections or scattering can be seen in Figure 2 .
It is very interesting to note that for the tapered structure in Ref. [14] , W d (the width of the conventional part of the waveguide structure) is two times the vale of d c (the width of the high index parts of the slot region of the structure), meaning that if the taper length becomes zero, the loss due to the mode field mismatch should be close to 3 dB because the bottom edge of the input strip waveguide is overlapping with the bottom edge of the top cladding layer of the slot waveguide. The proposed structure here is equivalent to moving the input strip waveguide in Ref. [14] downward to increase the mode field match and thus achieve a comparable coupling efficiency while eliminating the taper. It is also very interesting to note that by inspecting Figure 1(b) in Ref. [15] , which also used rigorous FDTD simulations, the asymptotic behavior of the coupling efficiency may lead to a coupling efficiency of 95% when the coupler length (taper length) approaches zero. Inspecting Figure 1(a) we can realize that when the taper length goes to zero, the structure proposed in Ref. [15] actually reduces to our proposed structure. The above observations fortify our conclusions in addition to providing a further verification of our simulation result.
In summary, we have proposed and analyzed direct end-to-end couplers from a conventional waveguide to a slot waveguide and vice versa. Our analysis shows that the proposed couplers have similarly high coupling performance when compared to the taper based coupling methods. 14 15 Because the direct couplers do not require additional length of waveguide tapers, they also enable higher integration density. Furthermore, our simulations show that the coupling performance for the direct endto-end couplers is not very sensitive to the symmetricity of the slot waveguide, resulting in decent tolerance with respect to manufacturing variations. Note that the coupler presented here is for a vertical slot waveguide, but the idea can be easily applied to horizontal slot waveguides 16 22 and multi-slot waveguides. 23 The proposed direct couplers may find applications in real production of slot waveguide based photonic devices due to its excellent coupling performance, easier integration with conventional waveguide optics and higher integration density.
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